This paper presents an examination of the self-cementing phenomenon of the road 4 construction material known as recycled concrete aggregate (RCA). Two RCA types were 5 selected as the RCA study materials: 1) high grade RCA (HRCA); a quality RCA 6 manufactured from relatively high strength concrete structures, and 2) road base RCA 7 (RBRCA); a quality grade RCA blend combined with brick and general clean rubble (road 8 base material). A series of laboratory tests were performed to obtain the unconfined 9 compressive strength, indirect tension dynamic modulus, and resilient modulus of the test 10 samples in order to examine their hardening characteristics when subjected to varying curing 11 periods. These tests were performed in conjunction with micro-structure analyses from X-ray 12 diffractometry (XRD) and scanning electron microscope (SEM) techniques. The HRCA 13 samples, which were prepared and subjected to varying curing conditions, transformed from 14 an initially unbound material into a bound (fully stabilized) material. The results of XRD and 15 SEM analyses clearly demonstrate that secondary hydration occurred. The RBRCA samples 16 were able to maintain their unbound granular properties, with non-significant self-cementing, 17 thus supporting the hypothesis that the mixing of non-active materials like bricks and clean 18 rubble into RCA will lessen the tendency of RCA toward self-cementing. 19
Background 22
In this era of global warming, the roadway construction sector has been pressured to move 23 towards greater sustainability in the aim for 'clean and green' technology. The use of 24 Construction and Demolition (C&D) materials has recently gained more popularity to be a 25 sustainable option for road and highway construction industry. C&D materials which mainly 26 consist of recycled concrete aggregate (RCA), reclaimed asphalt pavement (RAP), and 27 crushed brick and rubble are usually generated from the demolition of old and/or out-of-28 service concrete structures (e.g., buildings, pavements, bridges). These materials have been 29 successfully used in road and highway construction over the past 30 years in its capacity as a 30 sub-standard material suitable for low traffic-volume roads (Jitsangiam et al. 2009 demonstrates that both materials are almost identical, and that they comply with the 132 specifications in terms of gradation characteristics. Comparisons of the important properties 133 of both materials and specifications were made and are shown in Table 1 information on HCTCRB can be found in (Jitsangiam et al. 2014) . 147
Methodology and Experimental Works 148
In this study, a special test program was set up in the Geomechanic and Pavement laboratory 149 at Curtin University to produce self-cementing RCA. The length of the test program was set 150 at one year to ensure that RCA self-cementing was based on compaction conditions which 151 replicated given densifications found in real pavements. Note that this laboratory program did 152 not consider the effect of traffic loads on the occurrence of RCA self-cementing. All test 153 samples (HRCA and RBRCA) were prepared at 98% maximum dry density (MDD) and 95% 154 optimum moisture content (OMC). To simulate real pavement conditions after compaction, 155 without traffic loads, all samples were sealed in compaction moulds, wrapped in plastic and 156 stored in a controlled chamber at 80% relative humidity and at constant temperature of 23°C 157 until reaching the target curing periods of 1, 7, 14, 30, 90, 180 and 360 days. 158
As a first step in investigating the strength and modulus gains of the RCA, the strength 159 properties of compacted HRCA and RBRCA with varying curing periods were examined. technique, the SEM technique was used to observe and analyse the surface morphology of 175 HRCA, RBRCA, and HCTCRB. As depicted in Table 2 , the XRD technique was performed 176 on the specimens at various curing points ranging from 7 days up to 360 days, and the SEM 177 technique was only used after 360 days curing. 178
Experimental Procedures 179

Unconfined compressive strength (UCS) 180
The UCS test is a commonly used laboratory strength test; it provides a basic indicator of the 181 strength of compacted samples and is used for quality control in construction in the field. In 182 this study, the UCS tests were performed according to standard test method WA 143.1 (Main 183
Roads Western Australia 2012). During the tests, a UCS test machine applied a monotoniccompression load to the specimens at a displacement rate of 1 mm/minute until the tests were 185
completed. 186
The test samples, 100 mm in diameter and 200 mm in height, were compacted by modified 187 compaction into eight equal layers. All samples were cured for 1, 7, 14, 30, 90, 180, and 360 188 days and then then extruded from their moulds prior to setting up the tests. 189
Indirect tension (IDT) dynamic modulus test 190
Based on general mechanistic pavement design approaches, an elastic dynamic modulus 191 determined from repeated load tests is required as a design input. Generally, the elastic 192 dynamic modulus, which is obtained after a certain number of cyclic loading repetitions, is 193 1995) . In the test, each specimen was subjected to an 214 applied sinusoidal loading. The rise time, which is the time that loading is increased from 215 10% to 30% of a peak load, was set at 40 ms; and the recovered horizontal strain was targeted 216 at 15 micro-strains. During the test, five pulses of preconditioning load were initially applied, 217 and this was followed by a set of five pulses of loading. The IDT dynamic modulus value was 218 achieved from the average modulus from the last five pulses. 219
The test specimens; 100 mm in diameter and 65 mm in height, were compacted using a 220 gyratory compactor to achieve the target MDD and OMC based on the modified compaction 221 test results. All samples were then extruded from the gyratory moulds and cured for 1, 7, 14, 222 30, 90, 180, and 360 days. 223
Resilient modulus (MR) tests 224
The test specimens for MR tests were produced in a standard 100 mm diameter, 200 mm high 225 mould, using a modified compaction method. The specimens were then cured from 1 to 180 226 days in wrapped moulds to prevent moisture loss. Once curing time was achieved, each 227 specimen was removed from its mould and set up in succession upon the RLT apparatus. The 228 top platen was placed on the specimen and a rubber membrane placed over the specimen and 229 both platens. Finally, the sample was sealed in the system with o-rings at the top and bottom. 230 from 100 kPa to 600 kPa, while the confining stresses ranged from 20 kPa to 50 kPa. One 237 thousand loading cycles of pre-conditioning was carried out prior to the tests. The aim of the 238 process was to allow the end caps to bed-in to the specimen and to ensure that the applied 239 stresses and resilient strains became stable under the imposed stress conditions. 240
Subsequently, 66 stress stages were applied to each specimen in order to conduct the resilient 241 modulus test. At each stress stage, a minimum of fifty loading cycles was applied to the 242 specimen. Each stage terminated when the standard deviations of the last six values of the 243 resilient moduli were less than 5%, or until two hundred loading cycles were reached. The 244 stages then continued in order until all given stress stages were completed. 245
X-ray diffractometry (XRD) and a scanning electron microscope (SEM) 246
The uncompacted HRCA and RBRCA samples of 7 days curing (i.e., simulating the original 247 condition of materials after mixing with water and before compaction) for the XRD 248 technique, and the compacted HRCA and RBRCA of 360 day-curing periods for the XRD 249 and SEM techniques were ground into a fine powder. The powder was then sieved in order to 250 obtain test particles smaller than 75 µm (i.e., the aperture of sieve no. 200) for analysis. These 251 micro-structure evaluations were performed to establish the chemical and mineralogical 252 composition (i.e., from XRD) and the microscopic images (i.e., from SEM) of the study 253 materials. The evaluations were also conducted to observe the cementitious products (e.g., 254
crystalline Ca(OH)2, calcium silicate hydrates (CSH), calcium aluminium silicate hydrate 255 (CASH), and ettringite), resulting from the self-cementing properties of RCA. In this study, 256 HCTCRB, the most commonly used base course material in WA, with 2% cement (by mass) 257 admixture, was used as a reference material to compare the initial cementitious products of 258 HCTCRB with the likely secondary cementitious product of RCA after re-cementing. In this 259 study the PANalytical X-ray diffractometer at the Mae Fah Luang University, Thailand was 260 used for XRD analysis with CuKa radiation. The SEM samples were coated with gold and 261 scanned using the JEOL scanning electron microscope (SEM) located at Chiang Mai 262 University, Thailand. 263
Results and Discussion 264
The test results clearly exhibit that the strength and the moduli of HRCA and RBRCA, in 265 terms of UCS, IDT dynamic modulus and MR, increase as the length of curing time is 266 extended. However, based on the trends of the UCS and IDT dynamic modulus shown this 267 study, the strength and modulus development of RBRCA samples tends to cease before those 268 of the HRCA (see Figures 3 and 4) . Moreover, Figures 3 and 4 also demonstrate that the 269 difference in strength between the two materials is not considerable in the early stages but 270 becomes more evident over longer curing periods. The MR results confirm the trends of the 271 UCS and IDT dynamic modulus, in that HRCA is prone to be a bound material at a certain 272 curing period, but RBRCA can maintain its unbound granular material behaviour. 273
Unconfined Compressive Strength 274
The UCS values for both materials over the range of 1 to 360 curing days are presented in 275 study and the threshold of a bound material at 1000 kPa of UCS value, it is noteworthy that 293 HRCA, which can gain UCS of more than 1000 kPa of a bound material's regime, can 294 transform from an initially unbound granular material into a bound material after 180 days. 295
This would indicate that after 180 days, a pavement constructed from HRCA would have a 296 tendency towards failure from transverse cracking, caused by a considerably thick bound 297 layer of HRCA in the pavement. The gain in RCA strength up to the point where it becomes a 298 bound RCA can make a difference to the material concept of HRCA which was originally 299 designed following the unbound granular principle. The RBRCA, which is produced to 300 prevent any strength gain after construction, by blending non-active materials such as bricksand clean rubbles into RCA, exhibits a convincing result in maintaining unbound granular 302 material behaviour (i.e., when the UCS values are less than 1000 kPa). 303 When comparing the results in Figure 4 with the aforementioned range of cement-stabilized 332 material, it was found that at around the 1-year point, HRCA makes gains in its elastic 333 dynamic modulus up to the lower boundary of 10,000 MPa of a cement-stabilized material. 334
IDT Dynamic Modulus
The IDT dynamic modulus results also confirm that HRCA can transform from an initially 335 unbound granular material into a bound material after a certain period after compaction; a 336 similar result to that of the UCS test. 337 derived from these data and Eq. 1 are summarised in Table 3 depends upon an applied stress condition, or a resilient modulus changes when an applied 359 stress is changed, but stress dependency is not a property of a bound material. Based on this 360 stress dependency concept, it could be said that when an effective correlation of Eq.1 and test 361 data is sound, with a high R 2 value, a material would behave as an unbound granular material. 362
Resilient Modulus 338
However, for a bound material, its R 2 value is expected to be relatively low. Table 3 shows 363 that the magnitude of MR for HRCA tends to increase with an increase in curing periods. 364
However, it is also noted that the stress dependency of HRCA becomes insignificant at 180 365 days of curing, as the R 2 of both materials is below 60%, in comparison with the R 2 of 366 approximately 98% during the first 90-day curing period. Based on the MR results, HRCA 367 samples would transform into a bound material after a 180-day curing period. For RBRCA 368 samples, the MR results confirm that they still behave in the manner of an unbound granular 369 material. Tables  549   Table 1 . Important properties of HRCA and RBRCA 550 
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